Hole mobilities (l) in rubrene single crystals (space group Cmca) along the crystallographic c-axis have been investigated as a function of temperature and applied electric field by the time-of-fight method. Measurements demonstrate an inverse power law dependence on temperature, namely, l ¼ l 0 T Àn with n ¼ 1.8, from room temperature down to 180 K. At 296 K, the average value of l was found to be 0.29 cm 2 /Vs increasing to an average value of 0.70 cm 2 /Vs at 180 K. Below 180 K a decrease in mobility is observed with further cooling. Overall, these results confirm the anisotropic nature of transport in rubrene crystals as well as the generality of the inverse power law temperature dependence that is observed for field effect mobility measurements in the a-b crystal plane. Interest in the use of conjugated organic materials as the active element in electrical and electro-optical devices is driven by their processing and mechanical advantages and by the ability to chemically tune their electronic and optical properties. Organic semiconductors have been studied for applications in light-emitting diodes, photovoltaics, field effect transistors, chemical sensors, and flexible displays.
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The design and implementation of these materials requires a fundamental understanding of their physical properties. The transport of charge carriers (electrons or holes), in particular, is a key component of device performance. The relationship between the molecular structure of organic semiconducting materials in the solid state and charge carrier transport remains a critical issue in the design of organic based electronic devices.
In order to improve understanding of the charge transport mechanisms, it is desirable to work with high purity, highly ordered crystal systems. 12, 13 The use of conjugated small molecular species such as the oligoacenes (anthracene, pentacene, tetracene, and rubrene) has provided the experimentalist an avenue to grow crystals that are of high purity and that possess a high degree of structural order. [14] [15] [16] [17] [18] Two commonly used techniques for determining charge carrier mobilities in oligoacenes are field-effect transistor (FET) measurements 17, 19, 20 and time-of-flight (TOF) measurements. 19, 21, 22 FET measurements probe transport in the a-b plane at or near the surface of the crystal. TOF measurements are routinely used for measuring mobilities through the bulk of the material, typically corresponding to the c-lattice parameter of oligoacenes.
Of the oligoacenes studied to date, rubrene (5,6,11,12-tetraphenyltetracene) single crystals have shown the highest measured field effect hole mobilities of 20 cm 2 /Vs at 300 K in the b-axis direction. 23 These field effect results have also confirmed the anisotropic nature of transport for the a-b surface plane with measured hole mobilities along the b-axis three times larger than along the a-axis. Time-of-flight measurements along the c-axis direction of rubrene single crystals have been reported by Williams. 24 His results showed hole mobilities of 0.5 cm 2 /Vs at room temperature with mobilities increasing to 2 cm 2 /Vs at 473 K. In this paper, we report TOF hole drift mobility measurements in single crystals of rubrene in the c-axis direction as a function of temperature (140-300 K) and electric field (43-79 kV/cm). Five different crystals were examined. Mobility measurements were conducted at room temperature under atmospheric conditions and at low temperature in a He cryostat at a vacuum of 50 mTorr.
Single crystals of rubrene were grown by physical vapor transport in a flowing high purity argon atmosphere. 25 Rubrene grown by physical vapor transport ( 
The crystals grow as flat platelets with the large facet corresponding to the a-b surface plane and the c-axis perpendicular to the surface. Rubrene, 99% sublimed grade, was purchased from Aldrich and used as received. A sublimation temperature of 285 C was used and a temperature gradient of approximately 3 C/cm maintained throughout the growth tube. Both crystals of plate and needle motifs were obtained during the growth process. Plate-like crystals were selected for use in the TOF experiments. Plate crystals with dimensions in the range of 1 cm Â 0.5 cm Â 100 lm (length Â width Â thickness) were routinely grown as seen in Fig. 1 . Crystal thicknesses, in the c-direction, typically ranged from 60 to 150 lm. Crystals were inspected under cross polarizers to assure they were single crystals and no twinning was present in the area of analysis. 26 In TOF measurements, electron-hole pairs are photoexcited near the surface of the material by a short pulse of radiation, typically a laser pulse, and transported through the sample by an electric field generated by applying a voltage to two electrodes located on the top and bottom faces of the crystal. The transit time, t tr , of the resulting current pulse is determined and the carrier mobility, l, is calculated using the crystal thickness, L, and the electric field, E, induced by the applied voltage, V:
The shape of the resulting current pulse can reveal the presence and degree of structural defects and traps in the bulk of the crystal. In an ideal crystal with no trapping, the current pulse has a distinct plateau and a sharp decay point indicating the transit time. In systems with more disorder or deep traps, current pulses can have less distinct decay points with a trailing edge that decays to the baseline.
Selected crystals were prepared for TOF analysis by sputtering silver contacts on the top and bottom faces of the crystals directly opposite each other using a Denton Desk IV sputter coater. Contacts were 3 mm Â 3 mm Â 10 nm thick. The crystals were then mounted on a home-made stage in a RMC-Cryosystems closed cycle He cryostat. Leads were connected to the crystal using silver paste. DC voltage was applied to the crystal using a Keithly 2410 Sourcemeter. A PTI GL-3300 nitrogen laser (337 nm, pulse width of 800 ps) with random polarization, was used to create charge carriers in the sample. The crystals were excited at normal incidence to the a-b crystal facet. The intensity of the laser pulse was adjusted using neutral density filters to ensure no internal space charge effects were encountered due to excessive carrier density. 21 Rubrene crystals have a high optical absorbance with an absorption coefficient greater than 1 Â 10 4 cm À1 at 337 nm, 27 resulting in an absorption length of less than 1 lm. The TOF photocurrent transient was measured as a voltage drop across a 1 kX resistor using a Tektronix DPO7104 1 GHz oscilloscope. Crystals were examined as a function of applied voltage at constant temperature (296 K) and as a function of temperature (140-296 K) at constant voltage.
A typical TOF hole pulse for rubrene at room temperature is shown in Fig. 2(a) . The transit time, t tr , which is the time for the carrier pulse to cross the crystal, is marked. A clearer indication of t tr is obtained by a log V versus log t plot. The knee of the curve formed by asymptotes drawn from the plateau and tail of the plot is taken as the transit time ( Fig. 2(b) ).
Room temperature data were collected from five different crystals and are shown in Table I . Two of the room temperature data points (crystals 1 and 2) were collected at atmospheric pressure in air. The mobility for crystal 2 was calculated from the results of varying the applied voltage, as discussed below. The other three room temperature data points (crystals 3, 4, and 5) were collected while the crystals were mounted in a He cryostat and were measured at a pressure of 50 mTorr. The average mobility of the five room temperature measurements was 0.29 6 0.05 cm 2 /Vs. This is comparable to the room temperature hole mobility value of approximately 0.5 cm 2 /Vs reported by Williams. 24 Fig . 3 shows the linear relation between the measured inverse transit times and electric field for crystal 2. By using the slope of this plot along with the thickness of the crystal, L, the mobility was calculated to be 0.24 cm 2 /Vs in agreement with room temperature mobilities of the other crystals in this study. Fig. 2(a) . Intercept of asymptotes represents t tr .
Charge carrier mobilities are also influenced by temperature. Below room temperature, these single crystals generally exhibit an inverse power law dependence, l ¼ l o T Àn (where n ¼ 1-3). That is, l increases with decreasing temperature. This behavior can change at a critical lower temperature typically near 170-180 K (for rubrene), where transport becomes activated. 23, 28, 29 This change as temperature decreases can be attributed to trap states that have trapping energies larger than k B T or to structural phase transitions in the crystal at a given temperature. 23, 30, 31 Above room temperature, crystal carrier transport is also thermally activated (Arrhenius-like). 32 Temperature dependent measurements were performed on three separate crystals. Two crystals (crystals 3 and 4) were measured from 296 to 140 K. A third crystal (crystal 5) was measured from 296 to 180 K. No signal was obtained from crystal 5 below 180 K. Upon removing crystal 5 from the cryostat it was noted that the crystal had cracked. The log V versus log t plots of the TOF signals from crystal 5 are shown in Fig. 4 for temperatures of 296, 240, and 180 K. Transit times, taken as the knee of the plots, decreased with decreasing temperature corresponding to an increase in hole mobility.
The l-temperature behavior for crystals 3-5 are summarized in Fig. 5(a) . These data show an increase in mobility with a decrease in temperature from 296 K to 180 K. The average hole mobility at 180 K for crystals 3, 4, and 5 was 0.70 6 0.12 cm 2 /Vs with crystal 5 reaching a maximum value of 0.84 cm 2 /Vs at 180 K. For crystals 3 and 4, the mobilities start to decrease with further decrease in temperature at around 170-180 K. This was also observed in FET mobility measurements and occurred in approximately the same temperature range. 23 The low temperature hole mobilities in the c-axis for crystals 3, 4, and 5 showed an inverse power law temperature dependence in the range from 296-180 K with n ¼ 1.8 6 0.2, as shown in Fig. 5(b) . These results support earlier low temperature FET measurements on rubrene crystals in the a-b crystal directions that also showed increased mobilities from room temperature to 180 K. 23 The n value is in line with a value of n ¼ 2 determined from mobilities measured over the same temperature range in the conduction channel of a rubrene single crystal based FET using Hall effect measurements. 17 Additionally, these n values are in close agreement with computational results obtained by Troisi for a rubrene crystal over the same temperature range, where a value of n ¼ 2.1 was reported. 33 It should be noted that the power law dependence of mobility on temperature in the c-axis direction is a bit surprising. In FET measurements of transport in the a-b plane, the power law dependence is taken to be a sign of "band-like" transport. Band-like behavior is thought to arise from the strong intermolecular overlap integrals in the a-b plane of rubrene. However, quantum chemical calculations indicate that the overlap integrals are weaker in the c-axis direction. 34 The weaker electronic coupling might be expected to lead to thermally activated transport along the c-axis, and yet this is not what we observe. Further work is needed to understand whether the explanations put forth in the literature for inverse power law behavior in the a-b plane are also applicable to caxis transport. Interestingly, we note that Karl and colleagues also previously reported inverse power law dependence for TOF mobilities along the c-axis of anthracene. /Vs (average of 5 crystals). Below 180 K a decrease in mobility was seen (crystals 3 and 4). These measurements support the anisotropic nature of carrier mobility, low temperature power law dependence, and decrease of mobility due to trap states or crystal structure rearrangement at 180 K observed in the a-b plane of rubrene crystals measured using FET techniques.
